Abstract-In this paper, a novel scheme based on Hyperbolic S-Transform (HST) is proposed for digital differential protection of power transformers. Hyperbolic S-transform is a powerful tool for non-stationary signal analysis in noisy conditions. Decision logic has been devised using extracted feature from differential currents due to transient phenomena in transformers. The HST of the differential current is calculated. Then, a Decision Index (DI) is calculated according to the spectral energy and standard deviation of the S-matrix. It is seen that DI values are different in the cases of internal faults and inrush currents. The scheme has been implemented in MATLAB environment and the inputs are differential currents derived from EMTP software. In order to simulate the internal turn to turn and turn to earth faults, the power transformer is modeled using 8×8 RL matrices obtained from the subroutine BCTRAN of EMTP software. The differential current signals are infected by noise and the robustness of the algorithm under noisy conditions is investigated.
I. INTRODUCTION
The differential protection concepts are based on the assumption that while an internal fault, the differential current becomes higher than the normal conditions. But, the inrush currents can induce a high differential current due to core saturation and cause mal-operation of differential relays. So, different techniques have been suggested for overcoming this problem. The magnetizing inrush current has a large second order harmonic component in comparison to internal faults. In [1] - [2] the second harmonic component of the differential currents is used to restrain operation of the differential relay to avoid tripping during magnetizing inrush currents. However, a large second harmonic component may be generated during internal faults due to CT saturation or presence of a shunt capacitor in long transmission line to which the power transformer is connected. Furthermore, the magnitude of second order harmonic in inrush currents has been reduced because of the improvement of core materials. In [3] a wavelet packet-based algorithm has been suggested. Manuscript This method requires the measurement of the voltage in addition to current. Therefore, it needs a large amount of computation. Recently, some protective schemes have been suggested using a combination of Discrete Wavelet Transform (DWT) and Fuzzy logic [4] , Artificial Neural Networks [5] , and correlation factor [6] . But, these methods are system dependent and have high dependency to the parameters of the protected system. In addition, discrete wavelet transform based schemes are easily affected by noise [7] . So, S-transform based methods have been suggested for overcoming the noise problems in [7] - [10] . However, the turn to turn and the turn to earth faults are not investigated in these works.
This paper presents an S-transform based method for discrimination between inrush current and internal short circuits. The internal faults while transformer energization, turn to turn and turn to earth faults are considered, too. The HST is employed and the three-phase differential currents are analyzed. The spectral energy and the standard deviation of the S-matrix are computed. Then, a decision index is calculated, using the spectral energy and the standard deviation of the S-matrix. The proposed scheme employs the decision index, and discriminates internal faults from the inrush current. The turn to earth and turn to turn faults and transformer energizing while internal fault, are investigated.
II. THE HYPERBOLIC S-TRANSFORM
The S-transform of h(t) given by Stockwell is [11] :
where S denotes the S-transform of h(t), which is time varying signals. f denotes the frequency and  is a parameter which controls the position of Gaussian window on the t-axis. The generalized S-transform can be obtained from original S-transform by replacing the Gaussian window with a generalized window [9] :
where p denotes a set of parameter that control the shape of generalized window. The hyperbolic S-transform is obtained from the generalized S-transform, by replacing the
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Since, a symmetrical window provides better frequency resolution than an asymmetrical window. So, at high frequencies, where the window is narrow and time resolution is good, the shape of the window converges toward the Gaussian window, a symmetrical window. But, at low frequencies a very asymmetrical window is used. The discrete version of the hyperbolic S-transform of h[kT] is given by:
where N is the total number of samples and n, m and j varies 0 to N-1. G(m, n) is the Fourier transform of the hyperbolic window and H(m, n) is the frequency shifted discrete Fourier transform H [m] .
III. SIMULATION MODELS
The simulation model is developed using EMTP program. The power system under study is shown in Fig.1 . The simulated transformer is a three phase power transformer with the rating of 31.5MVA, 132/33 kV [12] . The primary winding has 980 turns wound in 10 layers and the secondary winding has 424 turns wound in 4 layers. The transmission line has been modeled by two identical  sections. The algorithm has been implemented on MATLAB environment and the inputs are differential currents derived from EMTP software.
If a transformer terminal model is known in terms of winding resistance, self and mutual inductances, therefore, 6×6 RL matrices from BCTRAN routine can be formed for a three phase two winding transformer, and also 7×7 and 8×8 matrices can be derived for turn to earth and turn to turn fault studies, respectively [13] - [14] . So, in order to simulate turn to turn and turn to earth faults, the b-phase of primary winding is divided into three parts with 637, 49 and 294 turns, as shown in Fig.2 . Hence, 8×8 RL matrices are determined for the modeled transformer. Small shunt capacitances are connected across the windings to consider the high frequency behavior of the transformer. In order to simulate the magnetic characteristic of the transformer core non-linear hysteretic reactors are connected on secondary side.
IV. SIMULATION RESULTS
Various operating conditions are simulated and the differential currents are obtained from secondary of the current transformers. Typical differential currents and time-frequency contours are illustrated in Figs.3-5 . Differential current and it's time-frequency contours for an inrush current is presented in Fig.3 . As it is clear, the contours are interrupted and there is a consistent time interval between two lobes. Fig.4 shows differential current and time-frequency contours for internal turn to turn fault between turns 294 and 343. Unlike inrush current, the contours are regular and they are not interrupted. A typical differential current for transformer energizing while turn to turn fault, is shown in Fig.5 . As it is seen, the time-frequency contours are the same as the internal fault case.
In order to investigate noisy conditions, random noise with SNR up to 20dB has been added to the differential current signals. The results are shown in Figs.6-8. These cases are the same as cases that shown in Figs3-5, but are contaminated with noise. It is found, the time-frequency contours are less influenced by noise. Several internal faults with different fault resistances and fault incipient angles as well as several energizations with different switching angles have been simulated. In order to study the robustness of the scheme under noisy conditions, random noise with SNR up to 20dB has been added to the differential current signals. The spectral energy and the standard deviation of the S-matrix of the differential currents are calculated. Then, a decision index is calculated by multiplying the spectral energy by standard deviation:
where STD and E denote the standard deviation and the energy of the S-matrix, respectively. Simulation results for some cases are listed in Table. I. The results for noisy conditions are given, too. It is seen, the DI values are lower than 3.59E+06, in the inrush cases but they are higher than 7.50E+07, in the faulty phases and the DI values are less influenced by noise. So, it is easy to discriminate between faulty and inrush conditions even in noisy environment and the energizing while internal fault. Notice that the turn to turn and the turn to earth faults are simulated in b-phase. Since the secondary windings of the transformer are connected as delta, a fault in the b-phase, results in high values of DI in phases b and c.
V. CONCLUSION
A new technique for discrimination between the internal fault and the inrush current in power transformer is suggested. A decision index is defined using the standard deviation and the spectral energy of the S-matrix, computed for an internal fault or an inrush current. Then, fault cases can be distinguished by comparison of the decision index with a threshold value. The proposed scheme was implemented using MATLAB and EMTP programs. Several cases have been studied to test the effectiveness of the approach. Simulation results validate the efficiency of the proposed algorithm even in the noisy conditions.
